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Abstract. Seedling growth rates can have important long-term effects on forest dynamics. Environmental variables 
such as light availability and edaphic factors can exert a strong influence on seedling growth. In the wild, seedlings of 
Wollemi pine (Wollemia nobilis) grow on very acid soils (pH ~4.3) in deeply shaded sites (~3 % full sunlight). To exam- 
ine the relative influences of these two factors on the growth of young W. nobilis seedlings, we conducted a glasshouse 
experiment growing seedlings at two soil pH levels (4.5 and 6.5) under three light levels: low (5 % full sun), medium 
(15 %) and high (50 %). Stem length and stem diameter were measured, stem number and branch number were 
counted, and chlorophyll and carotenoid content were analysed. In general, increased plant growth was associated 
with increased light, and with low pH irrespective of light treatment, and pigment content was higher at low pH. 
Maximum stem growth occurred in plants grown in the low pH/high light treatment combination. However, stem num- 
ber was highest in low pH/medium light. We hypothesize that these differences in stem development of W. nobilis 
among light treatments were due to this species' different recruitment strategies in response to light: greater stem 
growth at high light and greater investment in multiple stem production at low light. The low light levels in the 
W. nobilis habitat may be a key limitation on stem growth and hence W. nobilis recruitment from seedling to adult. 
Light and soil pH are two key factors in the growth of this threatened relictual rainforest species. 

Keywords: Araucariaceae; conifer; conservation; light; rainforest; relictual species; soil pH; threatened species; 
Wollemi pine. 



Introduction 

Light is a fundamental factor limiting the growth and sur- 
vival of seedlings in closed forests (Chazdon et al. 1996; 
Whitmore 1996; Nicotra et al. 1999). Recent work has sug- 
gested that soil pH may be of equal or greater importance 
than light (Holste etal. 2011). Species-specific growth and 
survival responses to resources, particularly soil and light, 
play a key role in determining forest composition (Grubb 
1977; Davies et al. 2005; Holste et al. 2011). Central to 



understanding tree species persistence is an understanding 
of their strategy for recruitment from understorey to can- 
opy. Tree species range from those that are slow growing 
and shade tolerant, to fast-growing pioneers that typically 
dominate the post-disturbance environment (Denslow 
1980; Whitmore 1989). It is competition for resources, gov- 
erned by differences in survival and growth rate, that results 
in forest changes through time (i.e. stand development). 

The influence of soil in defining species and plant com- 
munity distributions is well known (Beadle 1954; Russo 
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et al. 2008). Soil pH governs many plant-soil chemical re- 
lations, particularly the availability of micronutrients and 
toxic ions, due to its influence on solubility. At low pH, the 
availability of essential micronutrients Fe, Mn, Cu and Zn is 
increased, as is the availability of potentially toxic Al and 
Mn (Atwell et al. 2003). Alternatively, the availability of P 
and Mo decreases. High-pH soils, however, are high in Cr, 
Co, Ni, Fe and Mg, and deficient in N, P, K and Ca (Atwell 
et al. 2003). Plants with optimal growth and survival 
below and above pH 5-7 are known as acidophiles and 
calciphiles, respectively (Ehrenfeld et al. 2005); these 
plants employ strategies to avoid or tolerate otherwise 
suboptimal conditions. For example, acidophiles avoid 
the stresses of nutrient deficiency by conservation of 
minerals via slow growth, high storage in seeds, high 
root surface area and relationships with rhizosphere mi- 
croorganisms (Marschner 1991). Soil pH can also influ- 
ence plant community dynamics: low pH can prevent 
invasion of exotic species into native acid-tolerant plant 
communities (Thompson et al. 2001), while some species 
are apparently restricted to high-pH environments (e.g. 
ultramafics in New Caledonia; Jaffre 1992). 

Wollemi pine (Wollemia nobilis, Araucariaceae) is a rare 
conifer with a highly restricted distribution. Araucaria- 
ceae is a family with origins in the early Triassic (Kershaw 
and Wagstaff 2001), and the earliest fossil record of 
Wollemia is from 91 million years ago (Dilwynites pollen; 
Macphail et al. 1995). Wollemia nobilis has unique archi- 
tecture with only first-order plagiotropic branches and is 
capable of producing multiple stems without injury (Hill 
1997). The plagiotropic branches can grow up to 150 cm 
long and are shed whole, forming a dense litter layer. 
Branches are short-lived (<15 years) and have either 
adult orjuvenile leaf types above and below the rainforest 
canopy, respectively. Wollemi pine grows in several small 
stands in the Wollemi National Park, part of the Greater 
Blue Mountains World Heritage area, New South Wales, 
Australia (Jones et al. 1995; NSW Department of Environ- 
ment and Conservation 2006). Wollemi National Park has 
predominantly sandstone geology (Jones et al. 1995), 
which is typically associated with acid soils (Binkley and 
Fisher 2000). Wollemia nobilis exists at the base, and on 
low terraces, of deep narrow canyons within a warm tem- 
perate rainforest community with co-dominant Ceratope- 
talum apetalum (Benson and Allen 2007). Recruitment 
from seed to adult is rare, even though seed production 
is relatively high (NSW Department of Environment and 
Conservation 2006). Fewer than 100 adult trees have 
been discovered, and some 300 seedlings have been ob- 
served, the majority under 500-mm stem length. Height 
growth of W. nobilis seedlings is very slow in the wild 
(5-20 mm per year; Zimmer et al. 2014). The presence 
of seedlings indicates that W. nobilis is capable of 



producing viable seed (Offord et al. 1999). Yet lack of 
intermediate-sized trees (i.e. 5-20 m) and slow growth 
indicates that there are other factors limiting their estab- 
lishment (Whitmore and Page 1980). 

The overarching aim of this study was to explore the 
relative importance of light and soil pH in determining 
W. nobilis seedling success. To do this we investigated 
W. nobilis growth in response to the natural light and 
soil pH conditions where W. nobilis grows in the wild, 
and then to a wider range of light and pH conditions, in 
a glasshouse experiment. 

Methods 

Field observations 

A preliminary study of the soil characteristics associated 
with the areas in which W. nobilis grows indicated that the 
pH is very acidic (~pH 4) (NSW Department of Environ- 
ment and Conservation 2006). Soil samples (10 x 500 g) 
were collected adjacent to W. nobilis seedlings growing in 
the wild. Soil pH was measured in water 1 : 2. 

Photosynthetic photon flux density (PPFD) was mea- 
sured around 42 W. nobilis seedlings with a hand-held 
Licor quantum light meter around midday on two typical 
sunny days in summer. These were compared with full- 
sun light meter readings in nearby areas. 

Glasshouse treatments 

Wollemia nobilis seeds collected from multiple trees in 
the wild were germinated in Petri dishes in growth cabi- 
nets set at 24 °C (Offord and Meagher 2001). Freshly ger- 
minated seedlings were grown in 75-mm (0.44-L) pots 
containing steam-pasteurized peat and sand (1 : 2 v/v) 
at pH 4.5 or adjusted to pH 6.5 with lime and dolomite 
(1:1 w/w). When seedlings were 4-5 months of age 
they were potted in 140-mm (1.5-L) pots containing the 
same potting mix and pH treatments with the addition 
of the fertilizer Nutricote Total N 13 (13 : 5.7 : 10.8 N : P : K) 
270 day type added to the mix at a rate of 3 g L _1 prior to 
steam pasteurization (time zero). Pasteurization was 
undertaken such that it did not affect fertilizer release 
rates (temperatures did not exceed 60 °C for >30 min). 
Plants were fertilized and re-potted after the 12-month 
assessment. Plants were watered daily or as needed. 

In a glasshouse at the Australian Botanic Garden, 
Mount Annan (ABGMA, 34°05'S, 150°47'E), plants were 
randomly assigned to areas with 5, 15 or 50 % full sun- 
light (low, medium or high relative light). This was 
achieved by using different grades of shade cloth with 
the same wavelength transmission properties, in addition 
to light attenuated by the glasshouse. The light at plant 
level relative to ambient was determined using a pyran- 
ometer (Environdata P/L). The temperatures within the 
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glasshouse were controlled to a mean of 24 C (standard 
error [SE] = 3 °C) during the day and 16 °C (SE = 3 °C) at 
night. There were 20 replicate potted plants of each light 
and pH treatment combination (in a full factorial design). 
Plants were randomly positioned, and randomly re- 
positioned after each measurement, within each light 
treatment. 

Plant growth characteristics were recorded at 6, 12 and 
24 months after time zero. This included number and 
length of orthotropic (vertical) stems and plagiotropic 
(horizontal) branches, diameter at the base of the plant 
and general health characteristics. Destructive methods 
could not be used on the seedlings because of their rarity. 
Stem length was calculated as total length of all stems. 
Measurements were taken over 24 months because in a 
similar study of Araucaria angustifolia, measurements 
were made after only 4 months of growth, at which 
time there were no differences in the stem length or 
chlorophyll variables measured (Duarte and Dillenburg 
2000). Average daily accumulation of incident photosyn- 
thetically active radiation (PAR) by month was calculated 
using 5 years of solar radiation data for ABGMA collected 
using a pyranometer (Fig. 1). Solar radiation (energy) was 
converted to PAR (quanta) using the correction factor 
c= 2.3 (Monteith and Unsworth 1990). 



Statistical analysis 

Two-way analysis of variance (ANOVA) was conducted on 
all variables (SYSTAT; SPSS Inc.). Where there were no sig- 
nificant interactions, post hoc tests, specifically least signifi- 
cant difference (LSD), were undertaken. Where significant 
interactions were found, one-way ANOVAs and/or t-tests 
were conducted on the variables, and these results, and as- 
sociated LSDs, were reported. Data for stem and branch 
number were log-transformed to normalize the data for 
analysis. Untransformed data are presented in the tables. 

Results 

Field observations 

Mean soil pH in the field was 4.32 (SE = 0.12, n = 10) in 
water. Light levels at W. nobilis seedlings in the field 
were highly variable and were as low as 1 % of full sun- 
light even at the brightest time of the day. Light penetra- 
tion into the canyon was restricted by its depth, the angle 
of the sun and the dense canopy of other tree species 
growing within it. On the canyon floor, PPFD at approxi- 
mately midday on a sunny day in February averaged 
60 ixmol nrT 2 s _1 (SE = 9, n = 43), which represents 
around 3 % of full sunlight measured in adjacent open 
areas (mean = 2000 ixmol itT 2 s -1 , SE = 163, n = 4). 



Pigment extraction and concentration 

At 24 months four leaf samples taken from the new 
leaves of three plants per treatment combination were 
analysed for chlorophyll (chlorophyll a and chlorophyll b, 
protochlorophyll) and carotenoids (Chen et al. 1998). 



Growth measurements 

For clarity, only the 24-month data are presented for 
growth and pigment variables. Significant interactions 
between pH and light were found for stem length, stem 
diameter and number of stems (P<0.05; Table 1); 
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Figure 1. Average daily PAR (mol m~ 2 ) received at the Australian Botanic Garden Mount Annan (5-year average 1998-2002) (error bars = SE). 
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Figure 2. Growth characteristics of W. nobilis seedlings grown at low, 
medium and high light in potting mix at pH 4.5 or 6.5 for 24 months. 
(A) Stem length, (B) stem diameter and (C) stem count means taken 
across combined light and pH treatments ( + SE). (D) Mean branch 
count is presented separately for (i) light treatments and (ii) pH treat- 
ments ( + SE). Within each response variable, means sharing the same 
letter are not significantly different by LSD 5 « /o . Note:y-axis varies. 

therefore, simple main effects were investigated for these 
variables (Table 1, Fig. 2). At the higher pH, the light level 
made little difference to the stem length of the plant 
compared with the large difference made by increased 
light in low-pH treatments, particularly at medium light. 
The significant interaction of light and pH for stem num- 
ber can be accounted for by the higher number of stems 
found in the medium-light/low-pH treatment. Branch 
number was significantly higher at low pH. The increases 
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in branch number with increasing light were approxi- 
mately proportional to the increases in stem length. 

Leaf pigment content 

No significant interactions between light and pH were de- 
tected for the pigment concentrations (P > 0.05; Table 1). 
The concentrations of chlorophyll a, chlorophyll a + b and 
chlorophyll alb were significantly associated with light 
(P< 0.05; Table 1). Chlorophyll a and chlorophyll b were 
higher in low light. The highest chlorophyll a + b concen- 
tration was in plants under the higher light treatments. 
The chlorophyll alb ratio was also significantly higher at 
low and medium light. 

The concentrations of chlorophyll a and chlorophyll a + b 
in the leaves of W. nobilis were also highly significantly 
associated with pH (P < 0.01): there were higher concen- 
trations at the lower pH (Table 1, Fig. 3). The chlorophyll 
alb ratio was significantly higher in the high-pH treat- 
ments, compared with low-pH treatments. The proto- 
chlorophyll levels were significantly higher in the low-pH 
treatments, compared with high-pH treatments. In line 
with this, chlorophyll a and chlorophyll b were significantly 
higher at low pH. Protochlorophyll tended to be higher at 
low- and medium-light treatments, but this variation was 
not significant. The carotenoid-to-chlorophyll ratio was 
higher in the high-pH and low-light treatments, which 
was reflected in the generally chlorotic appearance of 
these plants. 

Discussion 

Wollemia nobilis is an acidophile. Growth of seedlings was 
maximal at a soil pH considered suboptimal for many 
species (pH 4.5; Handreck and Black 2002). Wollemia 



nobilis growth also increased with increased light, but 
this response was moderated by pH — higher pH resulted 
in growth suppression. Moreover, the chlorophyll content 
(chlorophyll a + b) of W. nobilis leaves was higher in the 
low soil pH treatments, indicating increased growth 
and, perhaps, potential for growth. 

Acid soils are a feature of natural stands of Araucaria- 
ceae, particularly Agathis australis (Mirams 1957; Bieleski 
1959; Ecroyd 1982; Weaver 1988; Wyse 2012), and Arau- 
cariaceae plantations (Curlevski et al. 2010). Changes in 
soil acidity under different plants can be due to differ- 
ences among species in nutrient accumulation (Alban 
1982; Finzi et al. 1998), nitrogen fixation (van Miegroet 
and Cole 1984), litter chemical composition (Ovington 
1953; Alban 1982; Finzi et al. 1998) and the stimulation 
of mineral weathering (Tice et al. 1996). The source of 
acid soils associated with Araucariaceae is hypothesized 
to be litterfall (Bieleski 1959; Silvester and Orchard 1999). 
Acid soils (pH < 7) are also common in eastern New 
South Wales, but soils of pH <4.5 are much less common 
(Helyar et al. 1990). Sandstone-derived soils are also typ- 
ically acidic (Binkley and Fisher 2000). Because we did not 
test the soils beyond the W. nobilis stand, we cannot say 
what effect (if any) W. nobilis has on the soil. Instead, our 
results suggest that low pH, and associated changes in 
soil nutrients, is likely to be a major factor in enhancing 
the growth of established W. nobilis seedlings. Indeed, 
low pH may also indirectly benefit W. nobilis by reducing 
competition from other species not adapted to acid soils. 

Wollemia nobilis seedling growth increased with in- 
creasing light availability. Seedling growth was sup- 
pressed by low light (5 %), resulting in stem lengths 
half that attained by the high-light (50 %) treatment 
at 24 months. Previous studies have demonstrated that 
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Figure 3. Pigment concentration (fig cm -2 ) or ratio in leaves of W. nobilis seedlings grown at low, medium and high light in potting mix at pH 4.5 
or 6.5 for 24 months (mean + SE). (A-F) Means for pH and light treatments (means sharing the same letter are not significantly different by 
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rainforest species, including C. apetalum, have lower 
growth at high light, but higher mean biomass accumula- 
tion at low light, when compared with eucalypt or eco- 
tone species (Barrett and Ash 1992). This study revealed 
that while stem length increased with increased light, the 
number of stems was highest in medium light. We hy- 
pothesize that this species has a low-light strategy of pro- 
ducing more stems and a high-light (i.e. large gap) 
strategy to invest more in growth of primary stems. How- 
ever, it appears that multiple stem production in low light 
increases substantially above a threshold light level, be- 
tween 5 and 15 %; this threshold is yet to be defined. 

Wollemia nobilis seedlings respond to increased light by 
increasing growth, but they can also grow slowly and sur- 
vive in low light. In low light, W. nobilis can maintain its 
photosynthetic apparatus in a state in which it can take 
advantage of changes in light levels, indicated by the 
chlorophyll pigment concentrations and ratio. However 
very low light (and associated low growth) in the wild 
may contribute to seedling mortality by fungal patho- 
gens, herbivory, litterfall and drought, in line with models 
of increased juvenile risk in slow-growing species (Bond 
1989). 

Young W. nobilis leaves are adapted to shaded under- 
storey conditions, maximizing light interception by arran- 
ging leaves in a single plane, while adult foliage is 
arranged in two ranks to capture light from all around 
(Hill and Brodribb 2003). Moreover, W. nobilis juveniles 
had a high proportion of branches to stems; this is typical 
of many understorey species, and demonstrates struc- 
tural flexibility (Givnish 1988). This study indicates that 
W. nobilis has the ability to produce multiple leaders at 
all light levels, but particularly at medium-light and 
low-pH soil growth conditions. The difference among 
light treatments, in the production of multiple stems, 
was only apparent at the 24-month measurement (com- 
pared with the 12-month measurement; data not pre- 
sented). This is comparable to the growth lag phase, 
which has been observed previously in W. nobilis (Offord 
et al. 1999). Hence, W. nobilis can take advantage of light 
gaps by extending leaders, in effect seeking light and 
then producing the branches at a later time to maximize 
growth in the gap (Givnish 1988). 

The maximum light treatment used in our study was 
50 %, rather than 100 %, full sun. Previous research has 
shown that young Agathis trees can be damaged by 
full sunlight (Whitmore 1977), and along with other tem- 
perate rainforest species, Agathis have been shown to 
have lower chlorophyll concentrations in full sunlight 
compared with trees grown in medium and heavy 
shade (Langenheim et al. 1984; Read 1985). Moreover, 
photoinhibition may occur before obvious leaf damage. 
Wollemia nobilis is highly susceptible to heat stress 



(compared with other Araucariaceae species; Offord 
2011), and anecdotal observations of young W. nobilis 
(<5 years) suggest that the leaves can become chlorotic 
under full sun. The quality of light in the canopy, especial- 
ly the ratio of red to far red, may also influence the growth 
of shade-adapted Agathis species (Warrington et al. 
1988). Although this study has found a positive correl- 
ation between light and growth in W. nobilis seedlings, 
this effect is likely to be curtailed at higher light availabil- 
ities due to light saturation. 

The positive effects of light on growth were moderated 
by pH. Growth of stems (height and diameter), and stem 
number, was highest in the low-pH treatments, regard- 
less of light. In contrast, in the high-pH treatments, in- 
creased light was associated with increased growth. 
While both pH and light affected pigments, there was 
no modulating effect detected. Over the range of light 
availabilities assessed, the chlorophyll content and the 
a to b ratio varied little, compared with the variation asso- 
ciated with pH. Protochlorophyll is a precursor to chloro- 
phyll and is readily converted with light exposure (Lancer 
et al. 1976; Huq et al. 2004). Protochlorophyll was signifi- 
cantly higher in the low-pH treatment. The direct effects 
of pH on protochlorophyll are unknown, but low levels (in 
the high-pH treatment) suggest that the plants would be 
less able to take advantage of increases in light. Higher 
carotenoid-to-chlorophyll ratios in the high-pH treatment 
may also reflect growth suppression. Soil fertility (influ- 
enced by pH) can also affect plants' capacity to capture 
light (Baltzer and Thomas 2005). However, the combined 
effects of light and pH were not significant in defining pig- 
ment concentrations in this study. 

Implications for W. nobilis stand dynamics 

The need for open canopy conditions, with >10 % light 
(i.e. large canopy gaps), for recruitment of juveniles to 
canopy trees is evident in a number of Araucariaceae spe- 
cies (Bergin and Kimberley 1987; Enright et al. 1993; 
Fincke and Paulsch 1995; Rigg et al. 1998). Furthermore, 
infrequent large-scale landscape disturbance is required 
for substantial recruitment of other Araucariaceae spe- 
cies (Ogden et al. 1992; Burns 1993; Enright et al. 1999). 
Likewise, very low rates of seedling recruitment are a fea- 
ture of mature undisturbed Araucariaceae stands (in as- 
sociation with increasing dominance of angiosperm tree 
species; Enright et al. 1999). The demonstrated increase 
in W. nobilis growth with light availability is consistent 
with growth responses observed in other Araucariaceae 
species. 

Our results imply that canopy gaps may be required for 
significant increases in stem length and hence recruit- 
ment from W. nobilis juveniles to canopy trees. How 
much light required is unknown, but positive responses 
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to 50 % light availability (i.e. large gaps) were recorded in 
this study. If W. nobilis growth and recruitment to larger 
size classes is dependent on light, this may explain the 
lack of intermediate-sized W. nobilis juveniles in the 
wild, where W. nobilis is competing with rainforest angios- 
perms (sensu Enright et al. 1999). Wollemia nobilis re- 
sponse to increased light availability after long-term 
suppression in the shade is also unknown. The self- 
coppicing habit of W. nobilis allows it to survive in low 
light (Givnish 1988) and may aid recovery from disturb- 
ance (Dietze and Clark 2008). Its architecture may also 
mean that it can respond quickly (change morphological- 
ly) to intercept light (Canham 1989; Whitmore 1989), 
similar to A. angustifolia, which can quickly colonize 
gaps from both seedling banks and resprouts of damaged 
trees via plastic growth patterns (Duarte et al. 2002). 

The ability of W. nobilis to respond to increased light 
was strongly moderated by soil pH. Although there is evi- 
dence to suggest that Araucariaceae can modify soil pH, 
we suggest that pH is unlikely to be limiting W. nobilis suc- 
cess in the wild as acid soils are widespread in eastern 
New South Wales; hence the question remains, what fac- 
tors limit the distribution of W. nobilis in the wild? Despite 
the strong limiting effect of pH on growth demonstrated 
in this study, light availability (i.e. the presence of large 
canopy gaps) may be more limiting in the wild. 

Implications for conservation of W. nobilis 

Understanding the climatic and edaphic factors govern- 
ing plant growth is important for the conservation man- 
agement of species in the wild, and especially species like 
W. nobilis that have restricted distributions and are under 
threats such as disease, fire and climate change. Where 
management of wild stands cannot provide sufficient 
protection, translocation of threatened species is one 
complementary conservation measure (Vallee et al. 
2004). Selection of suitable soil types and light regimes 
provided by topography, aspect and vegetation assem- 
blages is essential to translocation success. Additionally, 
optimal growth of plants ex situ, in gardens orgermplasm 
collections, necessitates knowledge of fundamental growth 
requirements. This and several other studies partially 
provide this knowledge for W. nobilis (vide Offord 2011). 
Importantly, our results indicate that W. nobilis recruit- 
ment may be light limited in the wild. Our results also 
suggest that W. nobilis translocation efforts should be 
focused on sites with low-pH soils and outside the deeply 
shaded conditions of a closed rainforest. 

Conclusions 

Seedling growth responses to varying light regimes sug- 
gest that W. nobilis is a shade-tolerant, gap-responding 



species: tolerating low light and increasing growth at 
higher light. However, this response is strongly moder- 
ated by soil pH; W. nobilis growth is significantly enhanced 
on low-pH soils. While these factors clearly influence 
seedling growth of this species, at least under glasshouse 
conditions, other factors, such as drought, herbivory and 
microbial interactions, may also strongly influence the re- 
cruitment of this species in the wild. 
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